An anaesthetic case report of children undergoing stereotactic radiosurgery is presented, with a review of the inherent unique anaesthetic challenges. Twelve stereotactic radiosurgery procedures performed at The Prince of Wales Hospital, Sydney, were retrospectively reviewed. Despite differences in approach by individual anaesthetists to managing these children, an overall safe sequence may be evolved.
Anaesthetists have undertaken appropriate responsibility for sedation and anaesthesia outside the operating theatre. We have reviewed the current literature and describe our recent experience of anaesthetic problems in children undergoing stereotactic radiosurgery (SRS) for intracranial arteriovenous malformations (AVMs) or tumours.
CASE REPORT
An 11-year-old 50 kg boy presented to us in 1992 for stereotactic radiosurgery following a subarachnoid haemorrhage (SAH) induced tonic-clonic episode. A left temporoparietal AVM had been diagnosed at four years of age following a SAH, which had left him with a residual right hemiplegia and right homonymous hemianopia. During preoperative discussion with the parents of the child, we discussed the possible use of initial local anaesthesia for frame attachment followed by patient controlled analgosedation (PCA), but this was refused. Consequently general anaesthesia was induced in the computerized tomography (CT) scan room with intravenous medi-zolam, propofol, fentanyl and vecuronium. The patient was intubated with a high-volume lowpressure cuffed nasotracheal tube and ventilated. Monitoring consisted of ECG, pulse oximeter, capnograph, direct arterial blood pressure and temperature. Calf compressors were employed throughout anaesthesia.
Maintenance of anaesthesia initially consisted of oxygen, nitrous oxide and isoflurane for CT scan and cerebral angiography. During transfers of the patient to and from the paediatric intensive care unit (PICU) and radiosurgery suite, propofol (6-10 mg/kg/hr) and vecuronium (0.1 mg/kg/hr) infusions were used. Application of the stereotactic head frame, CT scan, planning and radiosurgery required a total of 12 hours of general anaesthesia. The child was kept intubated and finally transferred to the PICU where he was extubated one hour later. Recovery over the ensuing two to three hours was uncomplicated and there were no new neurological deficits.
Approximate time in each stage was: CT scan one hour, angiography 2.5 hours, PICU seven hours, radiosurgery one hour and transfers one hour. In older patients consideration of the use of analgosedation with or without extubation may be considered during the planning period. In younger children we maintain anaesthesia during this period to cover headframe discomfort, awkward positioning, potential loss of airway and the expected difficulties for any child coping with strange environments during periods of possible awareness.
DISCUSSION

Radiosurgery
Radiosurgery delivers a large single-fraction ablative radiation dose stereotactically to a welldefined intracranial lesion and was introduced by Leksell in 1957 1 . This technique differs from conventional radiotherapy, which relies on multiple fractionated doses over weeks and allows repair of sublethal damage to normal tissue between treatments. High-dose single-fraction radiosurgery is tolerated if the volume of normal tissue irradiated is small and non-critical, hence excluding lesions near the chiasm and limiting the dose possible to the brainstem.
There are two ionizing sources currently available 2 . 1. Photon Beam; using either a 60 Cobalt Gamma Ray or Linear Accelerator (Linac) X-ray. These units provide similar clinical results to proton sources but produce a higher radiation dose to normal tissue; and 2. Proton or Heavy Ion Particle Beam; these are more expensive but may have superior radiation dosimetry, especially treating larger lesions. This is due to a characteristic sharp increase in ionization density near the end of the particle track, followed by an abrupt dose decline. This reduces the dose given to normal surrounding brain to approximately 50% of that from photon beam sources.
The indications for the use of radiosurgery in the management of intracranial lesions is currently being defined. They include treatment of histologically benign lesions including AVMs, acoustic neuromas and pituitary adenomas, particularly when they are inaccessible to surgical excision or embolization, or when co-existing medical problems preclude surgery. There is also a possible role in the management of selected malignant intracranial lesions 3 , where response depends on the primary histology and the lesion volume 4 . As would be expected as any lesion's volume increases the total delivered dose must be decreased to avoid adjacent radionecrosis. There are two other alternative radiotherapy techniques. 1. stereotactic brachytherapy using isotope implants, with possible use in malignant gliomas 5 ; and, 2. stereotactic fractionated radiotherapy (SRT) which may be more appropriate for focal radiocurable intracranial tumours. SRT (not used in this series) uses a relocatable immobilization frame to reproduce patient position for each fraction. Similar anaesthetic problems would be expected with this therapy 6, 7 .
By avoiding the more conventional large volume irradiation, SRS minimizes problems of diffuse radionecrosis, intellectual changes and endocrine dysfunction. Radiosurgery will induce intimal proliferation and vascular occlusion to produce lesion obliteration. Results are usually related to treatment dose and lesion size 2 . In general, a two-year radiographic obliteration rate of 90% can be achieved with lesions less than 4 cm 3 .
A typical radiosurgery sequence requires the following: 1. application of the stereotactic frame after induction of anaesthesia in the CT scan room; 2. definition of the lesion by CT scan and cerebral angiograph to produce the three-dimensional coordinates; 3. a variable planning period for computation of the dose and lesion surface contours spent either in PICU, an anaesthetic bay in the operating theatre or in the general ward; 4. accurate stereotactic positioning of the radiation beams and radiosurgery using Linac X-ray (in this series) and 5. recovery of the patient from prolonged general anaesthesia or sedation.
Anaesthetic Considerations 1. Anaesthetizing patients in remote locations
Radiosurgery requires anaesthetic management in four locations, as well as during transportation of patients to and from these sites. The problems common to anaesthesia in remote locations have been well addressed [8] [9] [10] . In general, these include peculiarities of often antiquated anaesthetic machines and equipment, the lack of experienced anaesthetic assistance, difficult access to the patient for resuscitation, and the problems of maintaining a secure patent airway whilst remote from the patient.
Patient-related problems
These include the underlying patient pathophysiology and the risk of neurological deterioration during anaesthesia. There are also problems of radiation exposure and potential intravenous (IV) contrast complications.
Procedure-related problems
These include:
Application of the stereotactic frame
In adults and older compliant children this procedure can be performed under local infiltration of the scalp with or without brief intravenous sedation 11, 12 . In infants and younger children, general anaesthesia with endotracheal intubation is required. The fixed head-ring overlying the nose and mouth hinders easy oral or nasotracheal intubation and access to the airway once it is properly positioned. Blind intubation, fibreoptic techniques or passage of a laryngeal mask airway may be options if emergency intubation is required. It is important that the headframe wrench always accompanies the patient, to allow rapid removal from over the patient's face. The recently introduced moveable facial arc of the Radionics intubation head-ring (model HR-1M, Radionics Inc, MA, U.S.A.) does allow easier access to the airway and will no doubt make emergency airway management safer. Neuromuscular paralysis is important to prevent coughing and straining which may threaten endotracheal tube security during radiosurgery as well as potentially increase intracranial pressure.
CT scan and cerebral angiography
Potential problems include 1. complications of the IV contrast including hyperosmolar responses and anaphylactoid reactions; 2. venous air embolism via the IV line; 3. blood loss during arterial catheterization of the femoral artery in young patients; and 4. the occasional need for magnetic resonance imaging to define isodose surface.
Radiosurgery
Early complications after SRS doses of 10-50 Gy (one Gray equals 100 rads) include vomiting, especially with radiosurgery near area postrema, headache, elevation of temperature and an increased convulsion risk. SRS does not appear to significantly alter the risk of intracerebral haemorrhage during the latency period before AVM obliteration 13 . Late complications (2 to 15%) are mainly related to total radiation dose and lesion volume 14 . They include delayed neurological deficit secondary to vasogenic oedema, radionecrosis and vessel occlusion.
Specific Anaesthetic Options
Inhalational anaesthesia may be used during all the components of radiosurgery including the radiosurgery planning period, but may introduce prolonged recovery problems. Alternatively, intravenous anaesthesia may be substituted during transfer or in difficult remote locations such as the PICU or radiosurgery treatment room, where there may be no anaesthetic machine available.
Propofol has been used in paediatric anaesthesia since the mid-1980s and its pharmacokinetics in children have been established [15] [16] . There is increasing use of propofol in neurosurgery. Propofol use in radiosurgery does offer several advantages.
1. Ability to rapidly titrate level of anaesthesia. 2. Easy maintenance in remote locations, during patient transfer and at sites without anaesthetic machines. 3. Lack of accumulation despite prolonged anaesthesia, with rapid recovery. 4. Reduced pollution in the absence of scavenging facilities. 5. Anti-emetic properties [17] [18] .
Prolonged use of propofol sedation in children has been safely used but its use has also been questioned [19] [20] . Factors common to those propofolassociated cases were evolving lipaemia and metabolic acidosis with long periods of sedation, a large total dose and co-existing pulmonary disease. Microembolism secondary to agglutination of the lipid vehicle and possible adrenal suppression may be causative factors 21 . None of our children had clinical upper respiratory tract infections, total propofol doses were limited by procedure times and relatively conservative infusion rates were used.
Concern has also been raised about possible propofol induced convulsions. Propofol has dominant cortical anti-convulsant activity, with a less dominant subcortical proconvulsant activity, which occurs due to propofol antagonism of glycinergic-mediated inhibitory subcortical pathways. This may be exposed with low drug concentrations during induction and recovery [22] [23] .
PCA analgosedation does have a role in older children after the application of head frame. Vigilance is needed for airway patency. The introduction of the adjustable facial arc will certainly allow safer analgosedation in this group.
After Ethics Committee approval, we retrospectively reviewed twelve stereotactic radiosurgery procedures performed on children between 1992-1996. A summary of our accumulated cases is shown in Table 1 . There were 10 cases of AVM, one child with a posterior fossa oligodendroglioma and another with a choroidal plexus papilloma. General anaesthesia was used in the majority of our patients, some only for the application of head frame, CT scan and angiography. There were no cardiorespiratory anaesthesia-related complications in this review, however a larger series of 65 patients had four significant complications involving the airway 24 . There were two out of twelve children who had post procedure temperature elevation and three who reported headaches but none of these adverse events delayed discharge.
Nausea or vomiting occurred in four of twelve patients post anaesthesia and delayed discharge. This was probably due to the combination of age-related predisposition, anaesthetic agent and the radiation itself. Anti-emetics were not routinely given. Of the four cases in which anti-emetics were pre-emptively given, one had delayed discharge due to vomiting. A recent article discussed the inherent difficulties in paediatric anti-emetics use 25 . Dexamethasone with ondansetron have been given pre-emptively in high risk cases involving radiation to the fourth ventricle 24 .
Whether routine anti-emetics should be given remains an individual anaesthetic decision.
There have been no reported bleeds or new neurological deficits in the interval between the radiosurgical procedure and this report (R. Smee, personal communication). None of the patients anaesthetized with propofol experienced athetoid, opisthotonic or tonic-clonic episodes.
We consider a preoperative visit as a vitally important component of the anaesthetic management of children undergoing radiosurgery. Current neurological status should be documented, and any movement disorders which may exclude analgosedation methods should be noted. Rapport with the child should minimize apprehension. The rationale for the choice of anaesthetic technique should be explained to the child and parents. The potential for breakthrough awareness during the multiple stages of the procedure, especially during transport, should be tactfully and sensitively discussed.
The anaesthetist needs to be familiar with the potential problems of prolonged general anaesthesia. These include prevention of hypoglycaemia, maintaining fluid balance and special attention to the prevention of hypothermia. There is need for an indwelling urinary catheter, thrombotic prophylaxis with the use of calf compressors, and prevention of nerve compression injuries. Lack of movement must be ensured in both the sedated and anaesthetized child.
CONCLUSION
Several unique anaesthetic challenges are apparent from the typical case study and review of our patients. The role of the anaesthetist in co-ordinating the procedures and safe management of these children is pivotal. Within the radiosurgery sequence there exists the scope for individual anaesthetist to safely vary their anaesthetic techniques. A full understanding of radiosurgery and the problems inherent in prolonged anaesthesia in remote locations are the key to successful management of these children. 
